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ABSTRACT 
The uptake of horseradish peroxidase (HRP) into membranous structures, detect- 
able by light and electron microscopy, is used here to monitor the synaptic activity 
of photoreceptors of ist, lated frog retinas maintained in the dark or under various 
illumination  conditions.  The  major  findings  are:  (a)  Neurotransmission  from 
photoreceptor terminals seems to involve the same types of endocytic membrane- 
retrieval processes that occur at other nerve terminals. Presumably, the endocytic 
processes compensate for exocytic events associated with neurotransmission. The 
retrieved membrane is "recycled" to form vesicles. Some of these accumulate near 
the synaptic ribbons, perhaps indicating reutilization for exocytosis. On the other 
hand,  some retrieved membrane evidently is degraded via multivesicular bodies 
that appear to undergo "retrograde" transport from the receptor synapses to the 
myoid  regions.  (b)  Photoreceptor  terminals  take  up  much  HRP  in  the  dark. 
Steady  illumination  markedly  decreases  uptake  by  rods.  Uptake  by  cones  is 
notably  reduced  only  at  illumination  intensities  higher  than  those  that  have 
maximal  effects  on  rods.  (c)  The  decrease  in  rod  HRP  uptake  with  light  is 
reversible when  retinas are allowed to  adapt to the  dark,  if the  light exposures 
used were at intensities that bleach very little visual pigment. Such "recovery" is 
not  observed after light  exposures  that  bleach a  considerable  amount  of visual 
pigment.  The  cones  recover  their  dark  levels  of  HRP  uptake  even  after light 
exposures that  bleach  considerable  amounts  of visual  pigment.  The  changes  in 
HRP  uptake  that  we  observe  parallel  expectations  for  photoreceptor  synaptic 
neurotransmission  derived from indirect physiological evidence. 
Secretion by many cell types occurs through exo- 
cytosis,  the fusion  of the membrane that encloses 
material  destined  for  release  with  the  plasma 
membrane at the cell surface. Subsequently, mem- 
brane is retrieved from the cell surface by endo- 
cytic-like processes (reviewed in references 26 and 
27).  For neurons,  the  evidence that such  "com- 
pensatory" endocytosis is coupled to transmitter 
release is based chiefly on cytochemical studies of 
the  uptake  of  extracellular  tracers.  Stimulating 
neurotransmission in lobster neuromuscular junc- 
tions (25), frog neuromuscular junctions (22, 31 ), 
cultured  mouse  spinal  cord  neurons  (54),  and 
other  systems (32,  40,  58)  results  in  a  marked 
increase in the uptake of extracellular tracers, such 
as  horseradish  peroxidase  (HRP)  and  dextrans, 
into  vesicles  and  other  membranous  structures 
within  the  presynaptic terminals.  Nonstimulated 
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take. 
The observed relationship between transmission 
and endocytosis suggests that tracer uptake could 
be  utilized  as  a  method  for  evaluating  levels of 
synaptic activity in nervous tissue difficult to study 
by more conventional means. In the present inves- 
tigation, we  have employed  HRP  to monitor the 
synaptic activity of frog retinal photoreceptors in 
the  dark  and  under  various  illumination  condi- 
tions.  We  found  changes  in  the  level  of  HRP 
uptake into vesicles and other membranous struc- 
tures with illumination which strongly suggest that 
photoreceptor terminals are active in the dark and 
that varying levels of light decrease the activity of 
rod  and  cone  terminals to  varying degrees.  Our 
findings also suggest that some  of the membrane 
"retrieved"  from  the  cell  surface  is  reutilized  to 
form  seemingly  functional  synaptic  vesicles  and 
that some is degraded in muitivesicular bodies that 
undergo  "retrograde"  transport to  the  myoid re- 
gion. 
Preliminary reports of these findings have been 
published (48-52).  Subsequently, an abstract was 
published confirming the utility of the approach in 
studies on skate preparations (46). 
MATERIALS  AND  METHODS 
Preparation  of Isolated Retinas 
Frogs (Rana pipiens) about 3  inches in body length 
were dark adapted for 24 h before each experiment to 
facilitate isolating the retina from  the  pigment epithe- 
lium. A  dark-adapted frog was decapitated and one or 
both eyes enucleated. The anterior portion of the eye 
was removed by cutting below (behind) the ora serrata, 
and the retina was carefully teased away from the pig- 
ment epithelium in a dish of Ringer's solution (111 mM 
NaCI,  2.3  mM NaHCO3,  2  mM KCI,  1.1  mM CaCI2, 
and 5 mM glucose (16), pH 7.0). The retina was floated, 
receptor side down, on a  Ringer's soaked pad.  It was 
next transferred to a plastic chamber which has a moat 
filled with Ringer's solution that surrounds the retina and 
the  pad  but  does  not  touch  it.  Oxygen  was  bubbled 
through the solution, creating a moist oxygenated atmos- 
phere.  The  entire isolation procedure  was done under 
dim red light to insure that little rhodopsin was bleached. 
All experiments were carried out at room temperatures 
(20-25~ 
Illumination 
Illumination of the isolated retina was controlled by a 
two-channel projection system (29). The light source was 
a 45-W quartz-iodide tungsten filament lamp operated at 
6.5  A. The spectral composition of the light was mea- 
sured by placing a spectral radiometer in the plane of the 
retina and was found to be best fitted by a  black body 
curve for 2,400  K. The maximum illumination on the 
retina was  130  foot-candles. The illumination covered 
the  entire  retina,  and  its  intensity was  adjusted  with 
neutral density filters. The illumination intensities used 
for the tracer experiments, expressed as the log of the 
fraction of the  full intensity, were:  dark;  -5.1;  -3.3; 
-2.1, and zero (full intensity i.e.,  130 ft-candles). 
Tracer Experiments 
The  retinas were  presoaked  in the dark in Ringer's 
solution containing 0.5% HRP (Sigma Chemical Co., St. 
Louis,  Mo.;  Type  II)  for  3  min  before  floating on  a 
cotton pad. The retinas were placed in the experimental 
chamber, and illumination of the appropriate intensity 
was presented. Experiments lasted from 15 to 120 min. 
Experiments were terminated by a 3-rain rinse in HRP- 
free Ringer's in the dark. 
Fixation 
After the brief rinse, the retinas were fixed by immer- 
sion in 2.5%  glutaraldehyde  (47) in 0.1  M  cacodylate 
buffer (pH 7.2) with 3% sucrose and 0.25% CaCI~ (34), 
at  room  temperature  for  30  min  and  on  ice  for  an 
additional 90 rain. They were then rinsed overnight in 
cold 0.1  M cacodylate (pH 7.2) with 3% sucrose. 
Cytochemistry 
Fixed retinas were sliced into small fragments with a 
razor blade in cold 0.1 M cacodylate in 3% sucrose. The 
sections were frozen on the head of a freezing microtome 
for  30-60  s,  soaked  in  the  diaminobenzidine (DAB) 
medium of Graham and Karnovsky (20) without sub- 
strate (H~O~) for 30 min and incubated in the complete 
medium for an additional 30 rain at room temperature. 
Preparations incubated in peroxide-free medium served 
as controls; these showed no reaction product.  Retinas 
not exposed to extracellular HRP but incubated in the 
complete medium also showed no reaction product. En- 
zyme incubations were terminated by rinsing briefly with 
cold 7.5% sucrose. 
Preparation  for Light and 
Electron  Microscopy 
Tissue  was  postfixed  in  cold  1%  OsO4  in  0.1  M 
phosphate or  cacodylate  buffer (pH  7.2)  for  90  min, 
stained en bloc with uranyl acetate (15), dehydrated in a 
graded series of ethanols, and embedded in Epon (38). 
1-2/~m-thick sections were cut on a Porter-Blum micro- 
tome  (DuPont  Instruments, Sorvall  Operations,  New- 
town, Conn.) and examined unstained in a Zeiss phase 
microscope.  Silver  thin  sections  were  then  cut  from 
blocks,  whose  thick sections showed  uniform reaction 
product throughout the areas of interest, and examined 
in an RCA  EMU-3F or a  Philips 201  electron micro- 
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with lead citrate (59). Photographs were taken at magni- 
fications of 7,000-45,000. 
Identifying  Rod and Cone Terminals 
and Myoid Regions 
The criteria we used for identifying the various frog 
rod  ("red"  rod)  and  cone  (single  and  double  cones) 
receptor regions are based on earlier studies (8, 43). In 
1-2/~m-thick sections prepared for light microscopy, rod 
terminals were identified by the presence of long, thin 
connecting fibers or axons between the terminals and the 
nuclear regions, which are located in the row of the outer 
nuclear layer closest to the receptor outer segments. Due 
to the tortuous nature of the axon, it was often necessary 
to carefully focus up and down to follow it. Obviously, 
for many cells only portions of the axon were observed in 
a  given section. Cone terminals were identified by the 
proximity  of  the  terminals  to  cone  nuclei,  which  are 
located  in  the  row  of the  outer  nuclear layer farthest 
from the receptor outer segments. 
In thin sections prepared for electron microscopy, rod 
terminals were identified by their axons (usually only a 
portion of the axon was seen in a given section). Cone 
terminals were identified by their proximity to the corre- 
sponding nuclei. Rod terminals are also relatively more 
electron dense in overall appearance than are cone ter- 
minals, and the cones often show a more "patchy" distri- 
bution of synaptic vesicles. 
Obviously, not every terminal in a given thick or thin 
section can be unambiguously identified as  a  rod and 
cone. We estimate that 50-60% can be so identified. For 
our tracer uptake analysis, we used only clearly identifia- 
ble terminals, and worked with those that were sectioned 
so as to include a large expanse of the terminal. 
The myoid region is the cytoplasmic zone of the inner 
segment located between the ellipsoid and the nuclear 
region. Rod myoids were identified by the characteristic 
position of the rod nuclei and the characteristic shape of 
their outer segments. Cone myoids were identified by the 
position of their nuclei and the conelike shape of their 
outer segments. The presence of an oil droplet in certain 
cone types also aided in identifying cone myoids. 
Analysis  of HRP Uptake 
All  experiments  were  analyzed  "blind."  At  some 
point during the procedure (usually just before embed- 
ding), each retina in a given experiment was relabeled so 
that the  microscopist was unaware  of its experimental 
history.  Terminals were  identified by  the  criteria just 
outlined,  and for each  terminal the  proportion  of the 
synaptic vesicle population labeled with HRP was deter- 
mined.  This  was  done  initially  from  micrographs  by 
counting vesicles in randomly selected regions within the 
terminals or  by counting the entire vesicle population 
within each terminal. With experience, we found that we 
could accurately determine the proportion directly under 
the electron microscope by surveying a given terminal, 
forming an impression of the extent of its labeling, by 
inspection, and periodically checking this impression by 
counting a limited number of vesicles. This permitted us 
to  survey  rapidly  large  numbers  of  terminals.  Fig.  1 
presents  data  comparing  estimates  of  vesicle  labeling 
obtained under the microscope in this way, with numbers 
derived  by  systematic  counting  of  labeled  vesicles  in 
micrographs of the same terminals. The close agreement 
between  the  two  sets  of  numbers  indicates  that  our 
estimates were accurate throughout the range of labeling 
proportions important for our study.  (There is a  large 
psychophysical literature that predicts that one should be 
able to make rapid reliable estimates of these types.) 
RESULTS 
A. Technical Matters 
1.  RINSE  IN  HRP-FREE  RINGER'S  BEFORE 
FIXATION  IMPROVES  HRP  LOCALIZA- 
TION:  As our laboratory previously reported for 
neurons, the cytochemical demonstration of HRP 
is markedly affected by the amount of extracellu- 
lar  tracer  present  at  the  time  of  fixation  (54). 
Thus,  when  retinas are  placed  immediately  into 
fixative after exposure to HRP, examination of 1- 
2/zm-thick sections in the light microscope reveals 
that reaction product is limited to the periphery of 
the tissue fragments. The 3-min rinse in HRP-free 
Ringer's that we use routinely before fixation re- 
sults  in  a  substantially more  uniform localization 
of HRP  reaction product. 
2.  PHYSIOLOGY  AND  MORPHOLOGY  OF 
ISOLATED  RETINAS  WITH  OR  WITHOUT 
HRP:  The  presence  of  HRP  does  not  appear  to 
affect the physiological status of isolated retinas as 
monitored  by  standard  extracellular  recording 
methods (29). Threshold measurements of aspar- 
tate-isolated  (9,  25,  53;  50  mM  Na-Aspartate 
substituted for 50 mM NaCI in Ringer's solution), 
mass  receptor  potentials  and  electroretinogram 
(ERG) b-waves were relatively stable for prepara- 
tions  exposed  to  HRP  for up  to  120  min  in  the 
dark  or light.  The  waveforms  and  thresholds for 
dark-  and  light-adapted  receptor  potentials  and 
ERG  b-waves  were  also  examined  in  the  same 
retinas before and during HRP-exposure.  No sig- 
nificant changes were observed. (While our micro- 
scope studies of HRP uptake in aspartate-Ringer's 
material were not so extensive as those with nor- 
mal  Ringer's,  we  did  find  the  same  patterns  of 
change with illumination, and, under given illumi- 
nation conditions the levels of vesicle labeling did 
not  show  statistically  significant  differences  with 
the two media.) 
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FIGURE  1  Estimates  of  the  values  for  the  percent  of vesicles labeled  with  HRP,  obtained  by  our 
customary examination of the terminals under the microscope, plotted against values obtained for the same 
terminals by counts made on micrographs.  The sample  represents rod and  cone terminals selected at 
random from various preparations maintained in the dark for 15, 30, 60, or 120 min. 
Isolated  retinas  incubated  in  Ringer's  without 
HRP  under  varying  conditions  of  illumination 
closely  resembled  those  incubated  with  HRP  in 
appearance,  frequency of structures such as multi- 
vesicular  bodies  (MVB's;  see  below)  and  other 
features examined. With prolonged incubations (2 
h  in  either  dark  or  light with  or without  HRP), 
terminals often showed modest numbers of mem- 
brane-delimited vacuole-like structures.  This may 
represent  deterioration  of the  terminals  (cf.  the 
physiological observations on the effects of anoxia 
or other "problems" reflected in alterations in the 
behavior  of  horizontal  and  bipolar  cells  [42]). 
Vacuolization  was  especially evident  with  aspar- 
tate-Ringer's. 
Table  I  compares  the  "density"  (number/unit 
area)  of vesicle populations  in rod and cone syn- 
apses  under  varying conditions.  Changes  in  den- 
sity  could  affect  our  estimates  of the  percent  of 
vesicles labeled with  HRP, but none were noted. 
B.  Peroxidase  Uptake 
The uptake of HRP into the terminals under the 
various conditions studied  was readily detectable 
by  both  light  microscopy  (Fig.  3)  and  electron 
microscopy (Figs. 4-6). 
TABLE  I 
Vesicle Density 
Min in HRP  Rod  Cone 
Vesicles~fan  2 
No HRP  0  215  (2)  252  (2) 
Dark  30-45  232  (4)  268 (4) 
Light (5.1)  30-45  229 (4)  296 (4) 
Light (3.3)  30-45  256 (4)  289 (4) 
Light (2.1)  30-45  249 (4)  260 (4) 
Light (0.0)  30-45  259 (4)  275  (4) 
Dark  15  244 (4)  288  (4) 
Dark  30  237  (4)  295  (4) 
Dark  60  245  (4)  305  (4) 
Dark  120  218  (4)  274 (4) 
The average vesicle density (vesicles per square/xm) in 
rod and cone terminals is compared for various experi- 
mental  conditions.  The  number  in  parentheses  is  the 
sample size  (no.  of synapses).  The vesicle  density was 
calculated  from  micrographs by  randomly  selecting  at 
least two regions of unit area (1  tim  z) per terminal and 
counting the vesicles. 
1.  HRP  UPTAKE  INTO  VESICLES  IN  THE 
DARK  AND  LIGHT:  Fig.  2  illustrates  the  in- 
crease in labeling of rod synaptic vesicles with time 
in the dark. Cone terminals showed levels of HRP 
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FIGURE 2  The frequency distribution  of HRP uptake 
into rod terminals maintained in the dark for 15, 30, 60, 
and 120 min. Each bar represents the category of termi- 
nals  with  the  indicated  percentage  of labeled vesicles. 
The  bar  heights  were  obtained  by  averaging the  fre- 
quency of each category (percent of the total population 
of rod terminals) observed in four separate repeat exper- 
iments, n  per time point in each experiment was 20-30 
terminals. 
uptake similar to those of rods at the several time 
points studied. 
Uptake  into rod and cone synaptic vesicles de- 
creases  with  illumination.  For  the  rods,  this  de- 
crease can  be observed at relatively moderate in- 
tensities (Figs. 3, 4, and 7). Light intensities such 
as -3.3,  which are still low enough to bleach very 
little visual pigment (30), reduce uptake into rods 
to a low level (cf. Figs. 4 and 5). At lower intensi- 
ties  (-5.1),  uptake  is  reduced  to  intermediate 
levels (Fig. 7). 
The  cones  continue  to  show  uptake  at  levels 
comparable  to those of dark  preparations  at light 
intensities of -5.1  and -3.3  (Figs. 3, 4, 6, and 7). 
Even  at  the  higher  light  intensities  (-2.1  and 
zero)  with 30-45-min  exposures  to HRP,  uptake 
into cones showed little change compared to that 
of dark  preparations  (Fig.  7).  However,  in  four 
separate  experiments  using  60-min  exposures  to 
full intensity light, HRP uptake into cone synaptic 
vesicles was reduced to 50% of the level observed 
in 60-min dark  exposures  (Fig. 8). 
2.  RECOVERY:  The  decrease  in  the  rate  of 
HRP uptake into rod synaptic vesicles with light of 
-3.3 intensity is reversible if the retinas are placed 
in the dark  after the light exposure (Tables II and 
III). However, after either brief (5 min; Table III) 
or long (60 min; Table IV) exposure to full inten- 
sity  light  which  bleaches  about  90%  of the  pig- 
ment (30), rods do not recover their dark levels of 
HRP uptake  even if kept in the dark for up to 60 
min. The cones recover their dark  levels of HRP 
uptake even after an initial 60-min exposure to full 
intensity light (Tables III and  IV). 
3.  CHOLINE:  Choline  is  known  to  mimic 
light  in  that  it  hyperpolarizes  the  receptors  (7). 
Retinas  maintained  in  the  dark  for  60  min  in 
FIGURE 3  Phase-contrast photomicrograph of a  1-2/~m-thick section from a retina exposed to HRP for 
45 min at a light intensity of -3.3. A cone terminal (outlined with straight lines) contains reaction product. 
The  section  also includes  the  nucleus (CN), myoid re#on  (M), and  characteristic cone-shaped  outer 
segment (OS) of this cell. Two rod terminals (outlined with arrowheads) contain little reaction product. 
The rod terminals are attached to the corresponding nuclear regions (RN) by thin  axons (arrows). M 
indicates  an HRP-labeled body (probably an MVB; see Fig. 15) in a rod terminal. The bar represents 10 
~m; x  2,100. 
FIGURE 4  Rod (RS) and cone (CS) terminals from a retina exposed to HRP for 45  min at -3.3 light 
intensity. The rod terminal contains few labeled vesicles; the cone terminal shows numerous HRP-labeled 
vesicles. N indicates a cone nucleus; R, synaptic ribbons; and M, an MVB (lacking HRP). The arrows point 
to a portion of the rod axon. The bar represents 1 /.tm; x  21,000. 
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the dark. Both terminals show numerous HRP-labeled vesicles. A few short tubules or sacs are also labeled 
(T).  N  indicates the cone nucleus; R,  synaptic ribbons; and M, an MVB labeled with HRP. The bars 
represent 1 /~m; x  22,000 (Fig. 5); x  28,000 (Fig. 6). 
choline-Ringer's (NaCI  is  replaced  by  choline- 
chloride) show a lower rate of HRP uptake (about 
50%) than the dark controls (Table V). 
4.  HRP  LABELING  OF  RIBBON-ASSO- 
CIATED  VESICLES"  In  both  rods  and  cones, 
vesicles associated with the synaptic ribbons show 
HRP labeling (Figs. 9-12).  In general, the  per- 
centage of the ribbon-associated vesicles found to 
contain reaction product under varying conditions 
and at different times was  similar to  the  overall 
proportion of labeled vesicles in the terminals. 
5.  HRP  LABELING  OF  MVa'S:  In  typical 
thin sections, 10-35% of the photoreceptor termi- 
nals identifiable as belonging to rods or cones and 
sectioned so  as to include a large expanse of the 
terminal  contained  a  recognizable  MVB  (only 
rarely was more than one present), Extrapolating 
to  three  dimensions, this  suggests  that  a  large 
proportion of the  terminals contain at least one 
such body at a given time. In the myoid regions, 
the  cells  typically each  contained several  (2-5) 
MVB's per thin section cut so as to include most of 
the region, The overall frequency of MVB's in the 
terminals and myoids did not change notably un- 
der  the  varying illumination conditions studied, 
and was similar whether or not the preparations 
had  been exposed  to  HRP.  (Given the  variable 
frequency  of  MVB's  in  different  sections  of  a 
given preparation such statements indicate merely 
that no very massive changes occur.) There were, 
however,  differences  in  the  proportion  of  the 
MVB's that  were  labeled under varying circum- 
stances. For preparations maintained in the dark, 
the labeling of MVB's increased with time until at 
60 min virtually all the MVB's seen in the termi- 
nals (Fig. 14) were labeled and at 120 min nearly 
all the  MVB's in the  myoids (Fig.  15)  were  la- 
beled.  The  frequency of  labeled  MVB's  in  the 
axons (connecting fibers) of rods  (Fig.  13)  also 
increased until at 60-120 min all of these bodies 
showed reaction product. 
Fig.  16  presents data on  the  frequency of la- 
beled  MVB's per  thin section of  photoreceptor 
terminals ("synapses") and myoids under varying 
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FIGURE  7  The  proportion  of  vesicles  labeled  with 
HRP in rod and cone terminals plotted against the log of 
the illumination intensity. Retinas were maintained in 
HRP for 30-45  rain. Each data point is the average of 
the means from four separate repeat experiments (the 
"error bars" indicate standard deviations). In two of the 
experiments,  aspartate-Ringer's  was  used  in  place of 
ordinary Ringer's for correlation with our physiological 
experiments (see Results, Section A2); these prepara- 
tions showed slightly higher average levels of HRP up- 
take than did their normal-Ringer's counterparts, but the 
differences were not statistically  significant, and the pat- 
terns of change with illumination  were not affected, n per 
illumination condition per experiment was 20-30 termi- 
nals. 
conditions of  illumination. No  notable  changes 
were  detected  for the  cones. With the  rods,  we 
consistently found decreases in the frequencies of 
labeled MVB's and relatively higher frequencies 
of unlabeled MVB's (cf. Fig. 4) in the myoids and 
terminals of light-exposed preparations (and in the 
experiments evaluating postbleach recovery). But, 
especially for  the  terminals, the  variability was 
such that the data are only suggestive. 
As in many other tissues (24), structures indica- 
tive of evolution of MVB's into residual bodies, 
and also of fusions among MVB's and other lyso- 
somes  were  regularly encountered in the  myoid 
regions.  We  have  not made  a  detailed study of 
these structures. 
DISCUSSION 
Receptor Synaptic Activity 
In light of the work on neurons outlined in the 
introductory paragraph, our finding that HRP up- 
take  into  rod  and  cone  synaptic vesicles  is  de- 
creased with light strongly suggests that frog pho- 
toreceptors are active in neurotransmission in the 
dark and less active in the light. This is in agree- 
ment with a substantial body of indirect physiolog- 
ical evidence which has been interpreted as sug- 
gesting that  vertebrate  photoreceptors  release  a 
depolarizing transmitter in the dark and that this 
release is diminished by light (12, 33, 55, 57). 
The  differences in levels of HRP  uptake  into 
rods and cones under various illumination condi- 
tions suggest that steady light affects  rod synaptic 
activity to a much greater extent than cone synap- 
tic activity. Evidently, moderate  light intensities 
reduce transmitter release from rods to a low level 
while cones continue to release transmitter. This is 
consistent with an extensive body of physiological 
and psychophysical evidence that the rod response 
"'saturates"  at  relatively low  light  intensities (1, 
13,  18,  29,  44,  56) while cones continue to  re- 
spond at relatively high intensities (2, 3, 4, 6, 29, 
44). 
Both our findings and the indirect physiological 
data indicate that: (a)  rods recover their "dark" 
level of synaptic activity after moderate light in- 
tensities that bleach very little rod  pigment (19, 
30, 60); (b) cones, which, unlike rods, can regen- 
erate their pigment in the absence of the pigment 
epithelium (l 7), recover their dark level of synap- 
tic activity after full intensity light exposures that 
bleach over 90% of the cone pigment (4, 28); (c) 
rods  release  transmitter at  intermediate rates  at 
intermediate  light  intensities (44,  56);  and  (d) 
choline reduces receptor synaptic activity (7). 
The many physiological parallels with our find- 
ings make it unlikely that our results are merely an 
artifact of the presence of HRP or of some non- 
specific  damage.  Furthermore,  our  extracellular 
measurements of aspartate-isolated mass receptor 
potentials and ERG b-waves suggest that photore- 
ceptors are not grossly affected by the presence of 
HRP.  Of course, lack of any gross physiological 
effect of HRP as measured by these methods does 
not rule out some  HRP effect  at  the  single cell 
level. Intracellular recording is obviously needed 
to fully evaluate possible HRP effects. Similarly, 
we cannot rule out subtle effects  of such factors as 
the absence of the pigment epithelium. As men- 
tioned  above,  the  obvious effect  of  this  is  the 
inability of rods to regenerate bleached pigment. 
The  rods  do  not  recover  their  dark  level  of 
synaptic activity when kept in the dark for up to 60 
rain  after  full  light  intensity  exposure  which 
bleaches  considerable amounts of  rod  pigment. 
Apparently, the permanent loss of pigment (17) is 
associated  with  a  permanent loss,  or  very  slow 
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FIGURE 8  The  frequency distribution  of HRP  uptake  levels into  rod  and  cone  terminals  in  retinas 
maintained with HRP in the dark for 60 min (a)  or in full intensity light  for 60 min (b).  Bar heights 
represent averages from four repeat experiments, n per illumination condition per experiment was 20-30 
terminals. 
TABLE II 
Rod Recovery 
Rod 
Average  SD 
Dark, dark  8.6  1.3 
Light, light  1.4  1.4 
Light, dark  7.3  3.2 
The proportion of the synaptic vesicles labeled with HRP 
in  a  recovery preparation  treated  with  an  initial  -3.3 
light exposure and then placed in the dark (light,  dark) 
compared to labeling in companion preparations main- 
tained only in the dark or in -3.3 light, n per data point 
is  20-30  terminals.  Each retina was  pretreated  for 40 
min in the absence of HRP in either dark or -3.3 light. 
Then  in  the  presence  of HRP,  one  retina  was  placed 
back in the dark, one placed back into the light, and the 
third, initially exposed to the light, was now placed in the 
dark. 
recovery, of rod synaptic activity. This is consist- 
ent with the  permanent  decrease  in  sodium  con- 
ductance  observed  in  illuminated  isolated  frog 
outer segments (35) and the permanent loss in rod 
responsiveness in isolated retinas (14,  19, 30, 60) 
after extensive pigment bleaching. 
Intracellular  recording  from  eye-cup  prepara- 
tions  of  skate  (11)  and  fish  (41)  after  flash 
bleaches shows that the horizontal cells return  to 
their  dark  membrane  potential  before  pigment 
regeneration is completed. The interpretation can 
be  drawn  from  these  studies  that  rod  synaptic 
activity, which presumably controls the membrane 
potential of horizontal cells, recovers quickly after 
extensive bleaches. The apparent discrepancy with 
our findings may be due to differences in the type 
of retinal preparations (eye-cup vs. isolated retina) 
or species differences. Thus,  intracellular record- 
ings from  rods in  isolated  retinas  of axolotl  (19) 
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Recovery a)$er Bleach 
Rod  Cone 
Average  SD  Average  SD 
A 
Dark  8.2  1.7  7.2  2,0 
Bleach, dark  1.5  1.5  7.8  1.3 
B 
Dark  6.9  1.9  6.4  2.2 
Bleach, dark  1.3  1.3  6.7  1.4 
Light, dark  6.7  1.3  6.2  1.5 
The proportion of synaptic vesicles labeled with HRP in 
preparations  treated  with  an  initial  full  intensity  light 
exposure (bleaches 90% of the pigment) for 5 min com- 
pared to labeling in companion preparations treated in 
the dark. n per point per experiment is 20-30 terminals. 
(A) The "'dark" retina was exposed to HRP for 45 rain. 
The companion retina was exposed to full intensity  light 
for 5 min ("bleach") and then allowed to dark adapt for 
15 min, all in the absence of HRP. With HRP present, 
the retina was then kept in the dark for an additional 45 
min.  (B) The dark  retina was exposed to HRP for 45 
min. The other two retinas were exposed for 5 rain to full 
intensity  light  ("bleach")  or  to  -3.3  light  with  HRP 
present  and  then,  with  HRP  still  present,  they  were 
placed in the dark for 40 min. 
show that  after pigment bleaches the cells remain 
relatively hyperpolarized  for long periods.  Addi- 
tional  work  on  the  effects  of pigment  bleaching 
and regeneration on receptor membrane potential 
and synaptic activity for frog and other vertebrate 
retinas is needed to clarify the situation. 
Fate of Vesicles 
RECYCLING:  The  regions  adjacent  to  the 
synaptic  ribbons  are  the  presumed  sites of trans- 
mitter release from vertebrate  photoreceptor ter- 
minals  (10,  45).  Thus,  the fact that  labeled vesi- 
cles  accumulate  along  the  ribbons  suggests  that 
endocytically formed synaptic vesicles within pho- 
toreceptor  terminals  may  be  reused  for  neuro- 
transmission.  Apparently,  such  vesicles  accumu- 
late  at  the  ribbon  at  random,  in  the  sense  that, 
over  the  time  periods  we  studied,  HRP-labeled 
vesicles were neither markedly excluded nor nota- 
bly  concentrated  along  the  ribbons,  when  com- 
pared  with  nonlabeled  vesicles.  Obviously,  we 
know  nothing  of the  transmitter  content  of  the 
labeled vesicles, but these results might imply sim- 
ilar  "randomness"  in  utilization  of  vesicles  for 
neurotransmission  (see also  Fig.  12). 
The  reuse  of endocytically formed  vesicles for 
neurotransmission  has been suggested from work 
on neuromuscular junctions (22,  31, 61, 62) and 
other neurons (54). It has also been proposed that 
structures such as coated vesicles and cisternae act 
as  intermediate  structures  in  the  processing  of 
retrieved membrane for possible reuse as synaptic 
vesicles (21,  22,  39).  This is a  matter  of current 
dispute  (see  reference  31;  the  matter  was  dis- 
cussed extensively at the 1975 Cold Spring Harbor 
Symposium  on  the  Synapse).  Coated  vesicles la- 
beled with HRP were seen too infrequently in our 
preparations to permit us to make any quantitative 
statements  regarding  their  relationship  to  HRP 
uptake  into other membranous  structures.  As for 
cisternae,  we do see fairly large vacuoles that can 
accumulate  HRP, but these  arise after prolonged 
incubation and may be artifactual.  We do not see 
the sorts of large, elongate sacs described in frog 
neuromuscular preparations (22). However, some 
small  vacuoles,  sacs,  or  short  tubules  were  ob- 
served to  accumulate  HRP in  the synapses  at all 
times studied. These structures appear to increase 
TABLE IV 
Effects of Full Intensity Light on HRP Uptake 
Rod  Cone 
Average  SD  Average SD 
Dark (4)  10.8  2.0  10.1  1.8 
Light (4)  1.2  0.3  5.4  2.0 
Light, dark (2)  1.0  9.9  0.8 
The  proportion  of the  vesicle  population  labeled with 
HRP for retinal preparations exposed with HRP in the 
dark  or full intensity light  for 60 min. The number in 
parentheses is the number of experiments. On two occa- 
sions, a third retina was included in the experiment. This 
recovery retina was first placed in the absence of HRP in 
full intensity light for 60 min. Then, in the presence of 
HRP, it was placed in the dark for an additional 60 min. 
n  per point per experiment is 20-30 terminals. 
TABLE  V 
Effect of Choline 
Rod  Cone 
Average  SD  Average  SD 
Normal  10.1  1.2  9.8  1.5 
Choline  5.1  1.6  6.5  1.1 
The  proportion  of the  vesicle  population  labeled  with 
HRP in retinal preparations exposed to HRP in the dark 
for  60  min  with  normal  Ringer's or choline-Ringer's. 
Data are averages from two separate experiments, n per 
point per experiment was 20-30 terminals. 
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dark,  and  it  is  possible  that  some  participate  in 
vesicle recycling (26). 
DEGRADATION"  MVB's  have  been  impli- 
cated in the degradation of membrane participat- 
ing in endocytosis (see reference 24 for review and 
discussion of pertinent  mechanisms).  Our obser- 
vations  on  the  kinetics  of MVB  labeling  in  the 
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with the view put forth for neurons (26,  54) that 
some  of  the  membrane  endocytically  retrieved 
after  transmitter  release  becomes  incorporated 
into  multivesicular  bodies  that  eventually  are 
transported in retrograde  fashion (36,  37) to the 
perikaryon (in our case, the myoid region). In the 
myoid region, the  MVB's probably acquire their 
acid hydrolases since it is here that acid phospha- 
tase  is  demonstrable  in Golgi-associated sacs  or 
tubules  and  in  numerous  lysosomes,  including 
MVB's (48). 
Several "special" factors complicate quantifica- 
tion of the labeling of structures such as MVB's. 
These, along with the usual problems in unambig- 
uously identifying early stages in MVB formation 
or in recognizing small MVB's, probably contrib- 
ute to the variability noted in the comparisons of 
light- and dark-treated preparations. In particular, 
a  given MVB in a  photoreceptor terminal proba- 
bly receives contributions of label from many en- 
docytic vesicles, not all of which need be related to 
neurotransmission, and MVB's may also  acquire 
tracer  from  structures  such  as  endocytically de- 
rived  tubules  and  perhaps  through  initial direct 
connections  to  the  cell  surface  (24).  Thus,  for 
example, while one might expect the quantities of 
HRP that accumulate in individual MVB's to vary 
with different levels of synaptic uptake, the num- 
ber  of  MVB's  labeled  might  show  less  striking 
variations. One cannot reliably estimate quantities 
of HRP per body with microscope approaches of 
the type we used. We would also need more infor- 
mation than we have about relative rates of endo- 
cytic  vesicle  formation  and  fusion with  MVB's, 
about MVB  migration to the  myoid region, and 
about the  rates of transformation of MVB's into 
residual bodies in order to make adequate predic- 
tions about the details of MVB labeling. 
In  connection with  the  matters  under discus- 
sion,  it  is  interesting that  autoradiographic  and 
biochemical evidence suggests a  rapid movement 
of iipids made in the myoid region into the termi- 
nals (5). This, in part, may reflect the steady-state 
replacement  of  vesicles  that  are  degraded.  The 
mechanisms of such  replacement are  considered 
elsewhere (26). 
HRP Uptake as a Measure of 
Synaptic Activity 
Our  findings  suggest  that  tracer  uptake  into 
synaptic vesicles and other membranous structures 
may be useful for monitoring synaptic activities in 
many systems. As with the present material, this 
may sometimes be possible even by light micros- 
copy.  One  can  also  imagine  use  of  fluorescent 
proteins  or  other  tracers  directly  applicable  to 
FIGURF.S 9-12  Synaptic ribbons (arrows)  from rod terminals in retinas exposed to HRP in the dark for 
15 (Fig.  9), 30 (Fig.  10),  60 (Fig.  11), and 120 rain (Fig.  12).  Note the increase in the proportion of 
labeled vesicles at the ribbon with time. The configurations at the arrowheads  may conceivably  reflect 
exocytosis of vesicle contents, perhaps occurring during fixation (23) and releasing a vesicle-sized globule 
of HRP-containing material. However, such configurations were observed too infrequently for adequate 
analysis. We are made especially cautious in our evaluations of them by the fact that there is material of 
relatively high intrinsic electron density associated with the pre- and postsynaptic plasma membranes near 
ribbons (10).  There is thus a  risk  of tangential sections  of membranes producing misleading images, 
although in our experience  most such sections  produce  larger and less electron-dense areas than the 
electron-dense globules in Figs. 9 and 1 I, and Fig. 12 cannot be explained in this way (nor does the Fig. 12 
configuration resemble the usual endocytic configurations, in which tracer very rarely fills the interior of 
forming vesicles). The bars represent 0.2 ~m; x  49,000 (Fig, 9); x  56,000 (Fig. 10); x 43,000 (Fig. 11); 
and x  50,000 (Fig.  12). 
FmURE 13  Portion of a rod axon (C) and terminal (T) containing several labeled MVB's (arrows).  The 
retina was exposed to HRP for 60 rain in the dark. The bar represents 1 tzm; x  25,000. 
FIGURE 14  An HRP-labeled MVB (adjacent to M) in a rod terminal from a retina maintained in HRP in 
the dark for 30 min. R indicates a synaptic ribbon; E indicates extracellular space. The bar represents 0.5 
~m; x  53,000. 
FIGURE 15  MVB's (arrows)  labeled with HRP in a cone myoid region from a retina maintained in the 
dark for 60 rain. The bar represents 0.5 /zm; x  42,000. 
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FIGURE 16  HRP-labeled MVB's in  rod and cone ter- 
minals (a) and myoids (b)  in preparations maintained in 
HRP  for  30-45  rain  in  the  dark  and  under  various 
illumination  conditions. The  bar  heights represent the 
average of the means for four separate repeat experi- 
ments, and the "error bars" indicate standard deviations. 
(The  same  preparations were  used as  for Fig.  7.  The 
aspartate-Ringer's retinas showed the same patterns of 
change with  illumination  as  did the  ordinary  Ringer's 
material although the frequency of MVB's in the aspar- 
tate preparations was toward the higher end of the ob- 
served range.) n  per illumination  condition per experi- 
ment was  20-30  for the terminals and  25-40  for the 
myoids. 
living systems, It should be kept clearly in  mind, 
however,  that  the  precise  quantitative  relation- 
ships  between  the  number  of  vesicles  or  other 
membranous structures containing HRP and  the 
number  of transmitter  "quanta"  released is  not 
clear. For example, we do not know the relative 
timing of exocytic events and associated endocytic 
ones.  There  is  evidence  that  endocytosis  can 
sometimes lag behind exocytosis (22, 25, 31). We 
also lack crucial data on the "efficiency" of tracer 
uptake;  perhaps  a  proportion  of  the  endocytic 
vesicles that form lack  detectable levels of label. 
Furthermore, compensatory endocytosis and exo- 
cytosis may occur at different sites along the sur- 
face (21,22), and vesicle reuse or degradation can 
also complicate the quantitative  picture. Clearly, 
there is still need for circumspection in interpreta- 
tion. 
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